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Abstract
Aminosilane has been explored as an alternative chemical linker to facilitate the binding and
solidification of hydroxyapatite-gelatin nanocomposite at room temperature, which was
synthesized using co-precipitation method in the presence of gelatin. This aminosilane treatment
was found effective at low concentration (~25 μL/mL) and the solidification and dehydration of
hydroxyapatite-gelatin slurry completes within hours depending on the amount of aminosilane.
The resulting sample exhibits compressive strength of 133 MPa, about 40% higher than
glutaraldehyde treated samples, and shows good biocompatibility based on cell adhesion,
proliferation, alkaline phosphate synthesis, and mineralization studies.
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1. Introduction
Ceramic biomaterials based on biomimetic approaches have attracted much attention
because they are functionally and structurally compatible with the calcified tissue [1–3]. An
example is the engineering of natural bone substituent that contains hydroxyapatite and
collagen [4, 5]. nanocrystalline hydroxyapatite has been successfully synthesized at a
feasible quantity, making it possible for immediate biomedical uses [6]. However,
conversion of crystalline hydroxyapatite from solution state to solid form usually requires
multiple steps including purification, concentration, cross-linking, and solidification. To
cope with this process, cross-linking reagents such as glutaraldehyde [7], polyvinyl alcohol
[8], carbondiimide and succinimide [9], have been widely employed. Alternative approach
utilizes polymer matrix to encapsulates mineral components and form a connected structure
[10, 11]. In general, surface treatment on the mineral components is often needed in order to
achieve reasonable mechanical strength. In search for a more biocompatible synthetic
approach, we utilized a unique aminosilica precursor, bis[3-
(trimethoxysilyl)propyl]ethylenediamine (enTMOS) [12, 13], which serves as both matrix
and binder for hydroxyapatite nanocrystals, and explore it as a rapid approach for
bioceramics fabrication. Similar sol–gel process has been studied for its biocompatibility as
reported by the literature [14, 15]. While aminosilane has also been reported by Dupraz et al.
[16] to bind to hydroxyapatite, here sol–gel process was utilized to synthesize aminosilica
matrix that involves aminosilane chemical and hydroxy-apatite-gelatin (HAP-Gel) without
changing the pH of the solution. Gelation of aminosilane was induced by hydroxyapatite and
gelatin in the solution and its dehydration spontaneously occurred afterwards and completed
within 24 h (Fig. 1a). In this paper, we present synthesis, characterization and cell culture
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studies of this new material (GEMOSIL). The results show that it exhibits cytocompatibility,
improved mechanical strength, and unique nanostructures. Similar procedure if performed
using tetramthylorthosilicate (TMOS) or tetraethylorthosilicate (TEOS) often lead to
reduced cellular activities. Furthermore, it was also found that the unique molecular
structures of aminosilane and the interactions between aminosilica and hydrxyapatite-gelatin
complexes contribute to its rapid solidification and dehydration process.
2. Experimental procedure
2.1 Preparation of hydroxyapatite-gelatin slurry
The stock solution of hydroxapaptite-gelatin (HAP-Gel) was prepared according to the
reported co-precipitation method [6]. In general, a 1.4 L of solution containing 0.275 M
Ca(OH)2 was mixed with a 1.2 L of 60 mM H3PO4 solution. Then, 5.0 g of gelatin (MW =
50–250 kD) in DI water was slowly added to the mixture using a peristaltic pump, and the
mixture was maintained at 38 °C and pH 8.0 for 24 h. The resulting HAP-Gel slurry was
centrifuged at 70,000 × g for 5 min. After removing the supernatant, the residue was
suspended in equal volume of methanol and used as a HAP-Gel stock solution.
2.2 Synthesis of hydroxapatite-gelatin-aminosilica thin films
The synthetic method described here can be scaled up depending on the quantity of
composite material that was needed. Aminosilane was added to the HAP-Gel stock solution
at a volume ratio of 25 μL enTMOS for every 1 mL of HAP-Gel stock solution, then the
mixture was immediately sonicated at room temperature for 5 min. This step resulted in a
semi-transparent solution that does not solidify for several hours. To coat the films on petri
dish or multi-well culture dish, the mixture was dropped onto each well at a volume to area
ratio of 12.5 μL/cm2. The coating was allowed to dry for 4 h and then age for another 24 h
before use. Once dried, the film on petri dish exhibited hydrophobic property and did not
delaminate even in the culture medium.
2.3 Synthesis of hydroxyapatite-gelatin-aminosilica bulk samples
HAP-Gel stock solution was mixed with enTMOS at a volume ratio of 25 μL for every 1
mL of HAP-Gel stock solution. The solution was mixed vigorously and then sonicated for 5
min followed by 5 min of centrifugation at 70,000 × g. After removing the supernatant, the
residue was compressed against a 0.45 μm syringe filter to remove excessive liquid. The
remaining concentrated slurry was transferred to a cylinder shape container and allowed to
dry at room temperature.
2.4 Transmission electron microscopy
HAP-Gel stock solutions with and without enTMOS were dropped onto a gold TEM grid
(Electron Microscopy Sciences Inc.) followed by drying in the air. Images were taken on
Philips CM12 (FEI Co.) transmission electron microscope using an accelerated voltage of 80
KV.
2.5 Atomic force microscope
AFM images were taken on a Caliber atomic force microscope (Veeco Inc.) using silicon
nanoprobe cantilevers as scanning probes. The acoustic tapping mode was used on all
measurements. The tapping amplitude of cantilever was adjusted to 4.5 V prior to sample
engagement. Images were measured with a voltage set point of 2.8 V and a scan rate of 0.5–
1 Hz. To avoid image distortion, scanning were carried out with active closed-loop on all X,
Y, and Z axes. In general, four image modes were obtained from each measurement that
includes tapping amplitude, phase, deflection and height modes.
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2.6 Powder X-ray diffraction (XRD)
GEMOSIL samples after synthesized, dried in the air, and grinded into powder were placed
in the sample holder of a Philips X-ray automated powder diffractometer equipped with a
Cu target and a Ge postsample monochromater. To obtain the X-ray diffraction pattern of a
pure enTMOS gel, enTMOS was solidified by adding minimum of water, dried, and grinded
into powder before placing on the XRD.
2.7 Compression test
Five cylindrical rods (2 mm in diameter and 4 mm in height) were made from GEMOSIL.
Each sample was compressed using an Instron 4204 (Canton, MA, USA) at the speed of 0.5
mm/min. Stress–strain curve was recorded. Averaged ultimate compressive strength was
reported using the highest stress value of each sample.
2.8 Cell culture study
Osteoblasts, MC3T3-E1, were cultured in 96-well plates (Falcon, Becton, Dickinson
Labware, Frankin Lakes, NJ, USA), where all wells were coated with GEMOSIL. Cells
were seeded at a density of 1 9 104 per milliliter using αMEM medium supplemented with
10% of FBS and 1% penicillin/streptomycin under 37 °C, 5% CO2 atmosphere. Live and
death assay (LIVE/DEADViability/Cytotoxicity Kit L-3224, Invitrogen, Carlsbad, CA,
USA) was conducted to provide visualization of cell viability 4 days after cultivation. Cell
proliferation was measured at 1, 4, 7, and 10 days after seeding. At the end of the designed
cultivation period, 20 μL of CellTiter reagent (CellTiter 96®Aqueous One Solution
Proliferation Assay, Promega Co, Madison, WI, USA) was added to each well and the plate
was incubated at 37 °C for 1 h according to manufacture’s instruction. The quantity of
formazan product was determined based on UV–VIS absorbance at 490 nm, since its
quantity directly proportional to the number of living cells in culture. The control sample
was carried out on 96-well plates without GEMOSIL coating. In general, five samples were
tested at each time point for each group (n = 5).
A pilot assessment for cell differentiation on the material was performed using the assay for
alkaline phosphatase (ALP) protein activity and alizarin red for mineralization stain. The 35
mm Petri dishes coated with GEMOSIL were used for differentiation studies. Sixteen coated
dishes for ALP activity were equally divided into four groups (day 0, 3, 7 and 10 after cells
reached confluence.) Another sixteen non-coated dishes were used for the control to
compare ALP activity with the corresponding groups. Two additional coated dishes were
used to assess mineralization; the cells in these two dishes were kept up to 21 days after cell
confluence. Visual indication for calcification was achieved using Alizarin Red staining
package (Acros Organics, Geel, Belgium) following manufacturer’s protocol.
For ALP activity and mineralization, cells were maintained in αMEM medium containing
10% FBS, plated onto 35 mm dishes at a density of 1 × 105 cells/mL, cultured for 3 days
(reaching confluence) and the same growth medium was supplemented with 10 mM B-
glycerophos-phate and 0.2 mM ascorbic acid. For ALP activity assay, cell lysates were
collected and ALP activity was measured using Alkaline Phosphatase Yellow (pNPP; p-
nitrophe-nylphosphate) Liquid Substrate System for ELISA (Sigma, St. Louis, MO, USA) as
reported by Parisuthiman [17]. The protein concentration was measured by DC protein assay
kit (Bio-Rad) and ALP activity was calculated as mL of pNP/min/total protein. The assay
was also performed in triplicate to confirm reproducibility.
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3 Results and discussion
Depending on the concentration of aminosilane, the appearance of GEMOSIL was semi-
transparent to opaque and the drying time varied from hours to days. In general, more
enTMOS remains in the sample, more transparent sample with a shorter drying time was
obtained. When prepared directly from HAP-Gel stock solution without the chemical
binders, samples were semi-transparent whitish at dry, and no shrinkage was observed (Fig.
1b, HAP-Gel). On the contrary, samples containing aminosilane showed an average of 30%
shrinkage (Fig. 1b, GEMOSIL). The accurate shrinkage was estimated based on reduction
on the diameter of GEMOSIL cylindrical rods after created from the round shape culture
well of culture plate (0.8 cm in diameter). In general, shrinking is caused by the collapsing
of the porous structures of matrix when solvent is evaporated, as reported by many
investigators [18–20]. Shrinking was observed on most of the samples except for thin-film
samples, and therefore thin films were used to examine their biocompatibility and surface
properties while bulk samples were used to determine their mechanical strength. The
minimum ratio of aminosilane to HAP-Gel stock solution was determined to be no less than
25 μL/mL in order to maintain both silica and HAP-Gel at reasonable quantity. Without
adding HAP-Gel component, a methanol solution containing 25 μL/mL aminosilane will not
result in solid sample even when dry. We also observed that HAP-Gel within enTMOS
matrix caused faster dehydration rate as compared to a pure enTMOS gel. It was found that
within 5 min of gelation, solvent was quickly secreted from the sample, which is possibly
caused by shrinking of enTMOS matrix itself. We postulated the packing arrangement of
hydroxyapatite nanocrystals should be affected by aminosilane, and therefore the
arrangement of GEMOSIL nanocrystals was examined using transmission electron
microscopy (TEM). Figure 2a clearly shows those needle shape hydroxyapatite crystals have
a length of 200 nm and a width of 5–10 nm in the aggregate. Some hydroxyapatite
nanocrystals in the form of rectangular shape are also observed in the slurry. Since gelatin
acts as the template and induces nucleation of hydroxyapatite, the long axis of
hydroxyapatite is parallel to the longitudinal direction of the gelatin structure (Fig. 2b).
While in GEMOSIL, aminosilica exists as a solid matrix surrounding hydroxyapatite
nanocrystals, which results in a higher density of HAP-GEL nanocrystals (Fig. 2c). Several
localized high-density aggregation of nanocrystals were observed on the TEM micrograph
and the needle shape HAP-Gel crystals have been well preserved in the silica matrix. Due to
the presence of amorphous aminosilica matrix, the crystalline hydroxyapatite nanocrystals
are not clearly visible (Fig. 2d).
X-Ray diffraction patterns of GEMOSIL show that three distinct peaks associated with
hydroxyapatite diffraction patterns are overlapping with two broad diffraction bands (Fig.
3a). X-Ray diffraction peaks of hydroxyapatite as shown in Fig. 3b are 26°, 32°, 40°, and
47°, which correspond to peaks (002), (211), (310), and (222), respectively. Compared to the
diffraction pattern of HAP-Gel nanocrystals, the broader peak at 20°is associated with the
spacing between silicon atoms of the amorphous amino-silica solid [21]. XRD results show
that the crystal structures of hydroxyapatite were maintained within the aminosilica matrix,
which is also supported by the TEM results. Both indicate aminosilane hydrolyze and
polymerize surrounding HAP crystals and encapsulate HAP crystals.
The IR absorption spectrum for HAP-Gel exhibits several characteristic peaks (Fig. 4a), and
they are amide absorption at 1,647 cm−1, –CH2– bending at 1,455 cm−1, and PO4 band at
1,302 cm−1. Figure 4b is the IR spectrum of a pure aminosilica solid, which was synthesized
from enTMOS. Characteristic peaks include C–H stretching at 2,937 cm−1, N–H bending at
1,653 cm−1, –CH2– bending at 1,473 cm−1 . Si–O–Si stretching is 1,029 and 1,118 cm−1,
indicating the formation of aminosilica matrix. Figure 4c is the IR spectrum of GEMOSIL
and it shows that the spectrum is dominated by enTMOS. Three functional groups on
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enTMOS with distinct interactions with HAP-Gel are N–H bending (1,641 cm −1), –CH2–
bending (1,468 cm−1 ), and Si–O–Si stretching (1,126.8 cm −1). Red shift of N–H bending
indicates the presence of hydrogen bonding with HAP-Gel, and blue shift of Si–O–Si
absorption indicates possible interactions of SiO2 and PO43-of hydroxyapatite. This
interaction also explains why silane chemicals have been utilized to improve the bonding
between hydroxyapatite and polymer matrix as reported by the literature [22, 23]. A broader
3,500 cm −1 (O–H) indicates massive hydrogen bonding interactions that result from the
presence of HAP-Gel crystals. FT-IR results confirm that both amino and silanol functional
groups of enTMOS contribute to the binding of HAP-Gel. We conclude that such
interactions between aminosilica and hydrxyapatite regions contribute to its rapid
solidification and dehydration process.
GEMOSIL film was also examined using AFM, which shows that the surface topography is
dominated by the nanostructures of hydroxyapatite nanocrystals. The surface roughness (Ra)
of GEMOSIL is 70 nm with an average grain size at 730 nm (Fig. 5a). This feature size is
significantly bigger than the needle shape hydroxyapatite crystals observed on the TEM. It
indicates the formation of larger aggregates is possibly induced by aminosilane. The pure
HAP-Gel film has smaller aggregates (grain size~500 nm) and its roughness (Ra) is 35 nm
(Fig. 5b). Two AFM images show the effects of aminosilane, which serves as binders and
space fillers. As for pure aminosilica sample, its surface exhibit much smoother topography
and without surface granulized features (data not shown). To determine its mechanical
strength, the resulting compressive strength for GEMOSIL nanocomposites was 133 ± 39
MPa, which is about 40% higher than the HAP-GEL that was cross-linked by
glutaraldehyde [24].
Cell culture studies were carried out on the surface of GEMOSIL using osteoblast cells
(MC3T3-E1) and the results found that osteoblast cells adhered and grew normally on the
surfaces of the GEMOSIL matrix. The ratio between the live cells versus dead cells were
similar on both GEMOSIL coated dish and the control (Fig. 6). The cell growth curves are
no difference between the coated dish and the control too (Fig. 7). Results also showed that
there were no differences in alkaline phosphatase activity (synthesis function) between cells
grown on the material and the control (Fig. 8a). Alizarin red stain further confirmed the
ability of cell mineralization on the GEMOSIL surface (Fig. 8b). Because of the positive
cellular responses for both proliferation and differentiation experiments, our preliminary
data suggest that GEMOSIL can be a candidate for bone replacement. The results show that
it exhibited cytocompatibility, improved mechanical strength, and unique nanostructures.
Conclusion
Hydroxyapatite-gelatin has been successfully solidified from room temperature and solution
process using enTMOS as a chemical linker to produce thin film and bulk samples.
Morphology of nanocrystals and crystalline structures of hydroxyapatite have been
preserved after solidification process. In addition, enTMOS treatment increases compressive
strength by 40% compared to glutaraldehyde linker, and the resulting GEMOSIL exhibits
good osteoblast cell compatibility.
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a Flow chart of stepwise procedure for producing enTMOS bound hydroxyapatite-gelatin
nanocomposites (GEMOSIL). After slurry was synthesized, hydroxyapatite was re-
suspended in a methanol solution. GEMOSIL was obtained after mixing with enTMOS
followed by sonication, gelation, and dehydration. b Effects of aminosilane (enTMOS) on
the solidification process of HAP-Gel. Strong binding between enTMOS and HAP-Gel
resulted in sample cracking after shrinking occurs.
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a TEM images of HAP nanocrystals that were synthesized using co-precipitation method. b
Images of high resolution TEM shows that individual fibril-like gelatin aggregate and
hydroxyapatite crystals have grown along the fibril direction. c Needle-like hydroxyapaptite-
gelatin nanocrystals embedded in aminosilica matrix. (GEMOSIL). d High resolution TEM
image of GEMOSIL. Individual HAP-Gel nanocrystals are visible within the matrix.
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a X-ray diffraction pattern of GEMOSIL indicates that the crystal structures of
hydroxyapatite nanocrystals have been preserved in the aminosilica matrix. The background
diffraction pattern that appears as one broad band at 20°represents the typical structure of
aminosilica matrix. b X-Ray diffraction pattern of a pure HAP-Gel sample. Characteristic
peaks of hydroxyapatite are 26°, 32°, 40°, and 47°.
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a FTIR spectrum of HAP-Gel nanocrytals as prepared from co-precipitation method, b FTIR
spectrum of a pure enTMOS solid, and c FTIR spectrum of GEMOSIL that contains HAP-
Gel and aminosilica.
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a AFM images of the surface of GEMOSIL. The surface spontaneously forms granule-like
microstructures. b Surface topography of a HAP-Gel film that was synthesized without
enTMOS. The surface exhibits higher roughness and more detail features compared to
GEMOSIL, indicating the effects of aminosilica as binders and matrix.
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Live (green) and death (red, circled by dashed lines) stains for cell viability test. The ratio of
the green versus red cells was similar between the a GEMOSIL sample and b a control dish.
(Color figure online).
Luo et al. Page 13














Cell growth curves measured by formazan absorbance using CellTiter kits. There are no
differences between the GEMOSIL and the control over time.
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a Alkaline phosphatase (ALP) activities of osteoblasts (MC3T3-E1) do not show any
differences between the experiment and the control (n = 4). b Alizarin red stain for MC3T3-
E1 on GEMOSIL (differentiation on day 21) that shows mineral nodules. (Color figure
online).
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